The highly multiplexed polymerase chain reaction (PCR) assays used for forensic human identification perform best when used with an accurately determined quantity of input DNA. To help ensure the reliable performance of these assays, we are developing a certified reference material (CRM) for calibrating human genomic DNA working standards. To enable sharing information over time and place, CRMs must provide accurate and stable values that are metrologically traceable to a common reference. We have shown that droplet digital PCR (ddPCR) limiting dilution end-point measurements of the concentration of DNA copies per volume of sample can be traceably linked to the International System of Units (SI). Unlike values assigned using conventional relationships between ultraviolet absorbance and DNA mass concentration, entity-based ddPCR measurements are expected to be stable over time. However, the forensic community expects DNA quantity to be stated in terms of mass concentration rather than entity concentration. The transformation can be accomplished given SI-traceable values and uncertainties for the number of nucleotide bases per human haploid genome equivalent (HHGE) and the average molar mass of a nucleotide monomer in the DNA polymer. This report presents the considerations required to establish the metrological traceability of ddPCR-based mass concentration estimates of human nuclear DNA.
Introduction
Polymerase chain reaction (PCR) assays perform best when used with an accurately determined quantity of input DNA. This is particularly true for highly multiplexed assays, such as those used for forensic human identification [1] .
We have shown that droplet digital PCR (ddPCR) limiting dilution end-point [2] measurements of the concentration of DNA copies per volume sample can be traceably linked to the International System of Units (SI) when several basic assumptions are shown to be justified [3] . Unlike values assigned using a conventional relationship between ultraviolet absorbance at 260 nm and DNA mass concentration [4] , entity-based ddPCR values can be expected to be stable over time and provide results that are traceable [5] to the International System of Units (SI).
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The linkage between ddPCR measurements and the SI is through the calibrated measurements of mean droplet volume (V), volume fraction of sample in the reaction mixture (F), and counts of the number of total and negative droplets (N tot and N neg ) where negative droplets are defined as those that do not provide an above-threshold fluorescence signal at the endpoint. Poisson transformation of the ratio of negative to total droplets, λ = −ln(N neg /N tot ), yields the mean number of copies of the PCR target in the ddPCR reaction mixture per droplet. Dividing by the total volumetric dilution factor yields the mean number of copies in the sample per droplet. The concentration of copies in the sample is then λ/(FV). The sources of bias and imprecision that contribute to the uncertainty in λ and F, u(λ) and u(F), have been discussed by others [6] [7] [8] [9] , as have the those associated with measurement of V, u(V) [9] [10] [11] [12] [13] .
We are using ddPCR measurements to certify the concentrations of human nuclear DNA (nDNA) in a certified reference material (CRM) designed primarily for use by the forensic community. However, this community expects DNA quantity to be stated in terms of mass concentration rather than entity concentration. The entity concentration, λ/(FV) copies per nanoliter, can be transformed to mass concentration, [ where r is the number of assay targets per human haploid genome equivalents (HHGE), n is the number of nucleotide base pairs (bp) per double-stranded HHGE, and w is the average molar mass of a bp in the DNA polymer.
For independent multiplicative factors such as these, the combined relative uncertainty of their product can be estimated from the square root of the sum-of-squares of the individual relative uncertainties [14, Section 5.1.6]:
The essential elements of these relationships are provided in Griffiths et al. [6, Table 1 ], but without addressing all assumptions, values, and uncertainties. This report presents the considerations required to establish the metrological traceability of ddPCR-based mass concentration estimates of nDNA.
Materials and Methods

ddPCR System
The measurements discussed here were performed using a Bio-Rad QX200 Droplet Digital PCR System (Hercules, CA) system. The manufacturer's QuantaSoft version 1.7.4.0917 software was used to determine the number of positive and negative droplets at the end of 60 cycles using assay-specific intensity thresholds. These results were exported into a spreadsheet for further manipulation.
Sample Materials
Three human genomic DNA extracts were investigated, all components of a candidate CRM. These extracts were prepared from the buffy coat fraction of anticoagulated blood from anonymous donors. The component labeled BA^was derived from a single-source male, BB^from a single-source female, and BC^a mixture of a single-source male and a single-source female.
Each donor buffy coat bag was aliquoted (5 mL per aliquot) into sterile 50 mL conical tubes then stored at 4°C prior to extraction. A modified salt-out manual extraction protocol was performed for each of the individual buffy coat samples [15] , with rehydration of the DNA in 10 mmol/L tris(hydroxymethyl)aminomethane HCl, 0.1 mmol/L disodium ethylenediaminetetraacetic acid, pH 8.0 buffer (TE −4 ). All components were solubilized from the air-dried state in TE −4 buffer and diluted to a working concentration of ≈50 ng/μL based upon double-stranded DNA absorbance at 260 nm [4] .
Since there is no consensus on the infectious status of extracted DNA, all solutions were handled as biosafety level 1 materials capable of transmitting disease [16] .
ddPCR Measurements
Ten PCR assays developed at the National Institute of Standards and Technology (NIST) were used in this study. Each assay was confirmed to target one locus per HHGE using the National Center for Biotechnology Information's BLAST/ blastn system [17] . The targets for these assays are located on eight chromosomes; three of the assays target widely separated loci on chromosome 2. Table 1 lists the genomic targets, primers and probes for these assays.
Measurements with all ten assays were made on five independently prepared aliquots of each of the three components. Each set of three aliquots was processed on one 96-well plate. The five sets were processed over four days by the same analyst using the same equipment and materials. Two technical replicates were collected for each assay for each component along with non-template controls (NTCs) for each assay. On average 17,000 droplets were counted per sample (technical replicates and NTCs). There was a maximum of three positive droplets in any of the NTCs, averaging less than one positive per NTC. Of the (3 × 5 × 10 × 2 sample + 5 × 10 × 2 NTC) = 400 ddPCR measurements, three were rejected as technical failures based on the manufacturer's software diagnostics.
The independent aliquots were prepared as 1 volume of the ≈50 ng/μL CRM material to 3 volumes of TE foil, and placed on Bio-Rad Automated Droplet Generator (AutoDG). The AutoDG generated droplets and all formed droplets were loaded into a new 96-well plate. That plate was heat-sealed with foil and PCR amplified on a Pro-Flex PCR system (Applied Biosystems, Foster City CA). The amplification protocol was: 95°C for 10 min, followed by 60 cycles of 15 s at 95°C and 1 min at 61°C with ramp rate set to 2.5°C/s between temperatures. After the 60th cycle there was a 98°C hold for 10 min followed by a 4°C hold until the samples were removed from the thermal cycler and put onto the QX200 droplet reader.
Results and Discussion
There are two autosomal targets per diploid genome, one from each chromosome pair. Since all ten of the assays we use target autosomal loci, for simplicity the following discussions focus on the 1-to-1 relationship between a single ddPCR target and a HHGE. Except for the minor complication of X and Y sex chromosomes in males, this is identical to the 2-to-2 relationship between two ddPCR targets and the full diploid genome.
Copies per Nanoliter
Because measurements cannot be made on undiluted sample, in practice ddPCR results expressed in terms of copies per sample combine the λ and F factors. The λ/F ± u(λ/F) for a given analysis system can be characterized through repeated independent measurements of samples prepared from the same stock material. In a series of five independent determinations, three different DNA extracts were evaluated in duplicate with the ten human genomic assays listed in Table 1 . For these measurements the expected relative standard uncertainty, u(λ/F)/(λ/F), for a single estimate of λ/F with a single assay is about 7.64%; see ESM Table S3 for details. This estimate is strictly appropriate only for these experiments, but may be indicative of similar processes. Noting that the relative uncertainty for the mean, x, of a series of m independent determinations of some measurand X can be estimated as [14, Section 4.
we estimate the relative uncertainty of the mean λ/F from m rep = 5 single-assay measurements of independently prepared replicates as u λ=F
The λ/F values are metrologically traceable to the derived SI unit for volume, nL, and natural unit count-one (1) [5] . The mean droplet volume was measured for droplets made using our equipment with the same lot of mastermix used for the ddPCR measurements. Using the concentrated method described in Dagata et al. [12] , V for this lot was 0.7349 nL with a standard relative uncertainty, u(V)/V, of 1.15%. For a given lot of mastermix and using our equipment and supplies, the value of V remains constant well within this uncertainty over at least six months (data not shown) and is metrologically traceable to the derived SI unit for volume, nL. The u(V)/V is characteristic of the volume measurement process and is not a function of the number or nature of ddPCR measurements.
Human Genomes per Target
The concentration of a given target is not necessarily the same as the concentration of HHGEs containing that target. Fragmentation, either intentional or during sample preparation, can reduce the number of amplifiable assay-specific targets in the reaction mixture and/or increase their accessibility [18] . While the ten assays used in this study are designed to amplify one and only one site per HHGE (i.e., r = 1), samplespecific mutations can reduce or prevent amplification or introduce additional binding sites. We therefore advocate using multiple assays, designed to amplify widely separated autosomal targets, to confirm that target measurements imply genome measurements. Figure 1 displays the relative performance of the assays for three human genomic extracts in TE −4 buffer. The agreement among the assays confirms that for these assays r = 1. The relative between-assay standard uncertainty, u(r)/r, is 2.17%; see ESM Table S4 for details. This value is strictly appropriate only for these experiments, but may be indicative of similar processes. By Eq. 3, the corresponding relative standard uncertainty for the mean of our m assay = 10 independent assays, r, is u r ð Þ=r ¼ 2:17= ffiffiffiffiffi 10 p ¼ 0:686%. T h e r v a l u e s a r e metrologically traceable to the natural unit ratio-one (1) [5] .
Number of Nucleotide Bases per Haploid Human Genome Equivalent
The nucleotide base composition of the human genome is known to differ among individuals [19] , but this variability is likely to be small except for rare cases (e.g., trisomies). Given current technology, determining the Bexact^number of bases, n, for a personal genome is impractical. However, the Human Assembly Data web-resource maintained by The Genome Reference Consortium (GRC) provides the lengths in bp of the 22 autosomal and the X and Y sex chromosomes of the Reference Genome as estimated in the 2006 NCBI36, 2009 GRCh37, and 2013 GRCh38 assemblies (https://www. ncbi.nlm.nih.gov/grc/human/data). These chromosome lengths are identical in all Bpatch^releases (periodic minor updates) of these assemblies. Table 2 lists these values.
The Human Assembly Data resource also provides a BTotal bases^summary for every patch release of the GRCh37 and GRCh38 assemblies. These totals include bp from alternate loci (large polymorphisms in bp composition but generally not large differences in bp number) as well as un-placed and un-localized scaffolds (known bp sequences not yet positioned within the assembly) [20] . These scaffolds likely fit within the known gaps (difficultto-sequence stretches of approximately known length) in the Reference Genome sequence and so are unlikely to have much impact on the Reference Genome bp number. The gradual increase in the number of BTotal bases^thus reflects increasing knowledge of the human genome and its variability but not the bp size of the Reference genome.
Based on the GRCh38 assignment, the total length of the autosomes plus the X chromosome is 3.031 10 9 bp and that for the autosomes plus the Y chromosome is 2.932 10 9 bp. Without determining the sex chromosome ratio in a sample, an average gender-neutral HHGE then has ((3 × 3.031 + 1 × 2.932)/4) 10 9 = 3.006 10 9 bp. Using the same calculations, the GRCh37 and NCBI36 estimates are 3.012 10 9 bp and 2.998 10 9 bp. The standard deviation (and thus an estimate of the standard uncertainty) of the three values is 7.024 10 6 bp. Given the upper and lower bounds, a + and a − , of a rectangular (uniform) distribution of X, in the absence of other information the usual estimate of the expected value, x, and it standard uncertainty, u(x), is [14, Section 4.3.7]:
The GRCh38 value for the n of a XX female is 3.031 10 9 bp while for a XY male it is 2.982 10 9 bp. Treating these values as the bounds on the bp of a sample with an undetermined sex chromosome ratio, the estimated standard uncertainty is Since the measurement technologies used to construct the reference tend to contract the length of tandem repeats [21, 22] , we estimate the number of bp in the reference HHGE as the largest of the currently defensible values, the GRCh37 value of 3.012 10 9 bp. While we are only concerned with nDNA, the widely used spectroscopic methods are insensitive to the DNA source [4] . When comparing target-specific ddPCR and non-specific spectroscopic results, the possible influence of mitochondrial DNA (mtDNA) should be considered. While highly variable, Human nDNA Assays Relative Differences, % Fig. 1 Human Genomes per Target. The Bdot&bar^represent the mean relative differences among the ten assays for the three components, where the individual differences are %d ij ¼ 100 λ=
i indexes samples, j assays, and the Bbar^above the symbol denotes averaging across replicates, plates, and (for λ= Table S5 for the numerical values the ratio of mtDNA to nDNA copies in whole blood is about 100-to-1 [23] . Since the reference human mitochondrial genome contains 16,569 bp [24] , the impact per 100 mtDNA/ nDNA is (100 × 16,569) = 1.657 10 6 bp. Noting that for independent additive factors, x i , the combined standard uncertainty of their sum, y, can be estimated as the square root of the sum-of-squares of the individual standard uncertainties, u(x i ) [14, Section 5.1.2]:
An estimate of the combined standard uncertainty of n is then u n ð Þ ¼ 10 7 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 0:702 2 þ 1:41 2 þ 0:166 2 p ≅ 1.58 10 7 bp for a relative standard uncertainty, u(n)/n, of (1.58 10 7 )/(3.012 10 9 ) = 0.525%. While the chromosome bp lengths are not provided as certified values, the GRC is an internationally recognized authority on the reference genome. The data it provides are adequate to establish n ± u(n) as metrologically traceable to the natural unit count-one (1).
Mean Molar Mass of DNA Nucleotides
The value given in relevant literature as the mean molar mass of the nucleotide bases that comprise DNA (A: deoxyadenosine monophosphate, T: deoxythymidine monophosphate, G: deoxyguanosine monophosphate, and C: deoxycytidine monophosphate) is surprisingly variable, ranging from (308 to 330) g/mol or, expressed as A-T and G-C bp, (616 to 660) g/mol [25, 26] . Other values provided by on-line resources in response to the query BWhat is the average molar mass of a DNA base pair?^include (649, 650, and 654) g/mol. On evaluation, the (649 and 650) g/mol values result from averaging the molar masses of the deprotonated nucleotide monomers (loss of 2 H + per base), with and without rounding to integer values and ignoring the loss of water during polymerization. The 654 g/mol value is the mean of the protonated monomers and ignores the loss of water. The 616 g/mol value reflects the mean mass of the deprotonated polymeric bases (loss of 1 H + per base). The 660 g/mol value is the mean mass of the sodium salt of the polymer. Table 3 details these calculations using the estimated atomic masses, uncertainties, and ranges provided in Meija et al. [27] . The atomic mass uncertainties have been estimated following Possolo et al. [28] .
The values based upon averaging the monomers are inappropriate for polymerized fragments, as are values that ignore counter ions when the polymers are in neutral to basic solution. The 660 g/mol estimate for the sodium salt more correctly reflects the chemical composition in TE −4 pH 8.0 buffer.
Treating the Bmolar mass of DNA^as that of the negatively charged polymerized bases is analogous to treating Bthe molar mass of table salt^as that of chloride. The mean (659.841 ± 0.003) g/mol value of the BNa + Saltî n Table 3 is for equal proportions of AT and GC pairs. AT pairs typically outnumber GC pairs in a ratio of 60-to-40 [29] . The (659.743 ± 0.003) g/mol of the 60:40 weighted mean is a more appropriate estimate for genomic DNA.
Two factors can increase the effective mean bp mass: the addition of one water per fragment when DNA is fragmented and the variable methylation of A and C bases. The extent of fragmentation depends upon the treatment history of the material. Since the typical fragment size of the DNA in our sample materials exceeds 48,502 bp [3] , the impact of adding two waters (molar mass 18.015 g/mol) per double-strand break in our materials can be conservatively estimated as 2 × 18. Adenosine methylation of nDNA in eukaryotes is known but is infrequent [30] . About 1% of human DNA nucleotides are 5-methylcystine monophosphate [31] , although this percentage is known to vary among individuals as well as tissue types [32] . Taking no methylation as the lower bound, 2% methylation as an upper bound, and assuming the methylation is rectangularly distributed between these limits, the upper bound on the additional mass per average bp due to methylation (molar mass 15.034 g/mol per methyl group) is (0.02 × Analogous with the GRC value for n, the International Union of Pure and Applied Chemistry's Inorganic Chemistry Division Committee is the recognized authority on atomic mass. The data it provides, in conjunction with literature best-estimates of minor influences, establish w AE u w ð Þ as metrologically traceable to the derived SI unit of mass, g, and the SI unit for amount of substance, mol.
uncertainties are associated with large degrees of freedom, k 95 = 2; otherwise v([nDNA]) can be estimated using the Welch-Satterthwaite approximation and k 95 from the Student's t distribution [14, Section G4.1]. When V is determined with the method used here, v(V) is Blarge^. Being based on literature data, v(n) and v w ð Þ can also be considered Blarge^. Given the number of components, assays, and independent determinations used in this study, v(λ/F) and v r ð Þ are Blarge enough^to justify using the k 95 = 2 approximation.
The 95% confidence relative expanded uncertainty of the ddPCR assignment of [nDNA] for this series of measurements is then 2 × 3.71 ≅ 7.4%.
Since all factors are metrologically traceable to natural and/ or SI units, ddPCR-based values for the mass concentration of human nuclear DNA can be metrologically traceable to the SI.
